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C9s(ra&(:  

Oround-based observations from two different radiometers are used to evaluate 

commonly used microwave / millimeter-wave propagation models at 150 OXz.  This 

frequency has strong sensitivity to changes in precipitable water vapor (PWV) and cloud 

liquid water. The observations were collected near Xeselbach, Oermany, as part of the 

Atmospheric Radiation Measurement (ARM) program’s support of the Oeneral  

^bserving Period and the Convective and ^rographic Precipitation 7tudy. The 

observations from the two radiometers agree well with each other, with a slope of 0.993 

and a mean bias of 0.12 _.  The observations demonstrate that the relative sensitivity of 

the different absorption models to PWV in clear-sky conditions at 150 OXz is significant, 

and that four models differ significantly from the observed brightness temperature.   

These models were modified to get agreement with the 150 OXz observations where the 

PWV ranged from 0.35 to 2.88 cm.  The models were modified by adausting the strength 

of the foreign-broadened and self-broadened water vapor continuum coefficients, where 

the magnitude was model-dependent.  In all cases, the adaustment to the two components 

of the water vapor continuum was in opposite directions (i.e., increasing the contribution  

from the foreign-broadened component while decreasing contribution from the self-

broadened component, or vice versa).  While the original models had significant 

disagreements relative to each other, the resulting modified models show much better 

agreement relative to each other throughout the microwave spectrum.  The modified 

models were evaluated using independent observations at 31.4 OXz.  

 

 

I. Dn(r"#3&(i"n: 

 

 Radiative transfer (RT) models are used to compute the propagation of radiant  

energy through various media.  Accurate RT models, especially in the visible and 

infrared wavelength regimes, are needed to improve our understanding of atmospheric 

processes and to capture the radiative impact of these processes in numerical models such 
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as %&oba& c&imate mo.e&s.  01rt3ermore4 R6 mo.e&s in a&& s8ectra& re%ions are an 

im8ortant com8onent of an: remote sensin% tec3ni;1e.    

 

 R6 mo.e&s nee. to acco1nt for t3e scatterin% of ra.iation b: 8artic&es as we&& as 

t3e emission an. absor8tion b: bot3 8artic&es an. %ases.  In or.er to 8ro8er&: acco1nt for 

t3e ra.iati@e contrib1tion of %ases4 man: R6 mo.e&s 1se t3e s8ectra& absor8tion 

8arameters Ae.%.4 &ine 8osition4 stren%t34 3a&fBwi.t34 tem8erat1re .e8en.enceC t3at are  

a@ai&ab&e in common s8ectra& .atabases Ae.%.4 EI6RAG HIJC.  Eowe@er4 as t3e ass1me. 

&ineBs3a8es 1se. in R6 mo.e&s are not 8erfect4 t3ere are contrib1tions in t3e farBwin%s of 

t3ese absor8tion &ines t3at are acco1nte. for in most R6 mo.e&s wit3 a Kcontin11mL 

absor8tion mo.e&.  Im8ro@in% t3e acc1rac: of t3ese contin11m absor8tion mo.e&s4 

es8ecia&&: t3ose associate. wit3 water @a8or absor8tion4 3as been an on%oin% c3a&&en%e  

for t3e R6 comm1nit:. 

 

 Microwa@e an. mi&&imeterBwa@e A3encefort3 Kmicrowa@eLC obser@ations of t3e 

atmos83ere 3a@e a tremen.o1s amo1nt of information re%ar.in% t3e tem8erat1re an. 

31mi.it: str1ct1re of t3e atmos83ere4 as we&& as t3e tota& amo1nt of water @a8or an.  

c&o1. &i;1i. in t3e co&1mn He.%.4 2BOJ.  01rt3ermore4 airborne an. sate&&ite microwa@e 

remote sensors 8ro@i.e information abo1t t3e s1rface4 inc&1.in% emissi@it: an. moist1re 

content He.%.4 IDBI2J.  63ese a88&ications re;1ire acc1rate R6 mo.e&s to 8re@ent biases 

from affectin% t3e res1&ts. 

  

63e scientific comm1nit: 3as 1se. se@era& .ifferent microwa@e R6 mo.e&s for 

t3ese a88&ications.  63ere 3a@e been n1mero1s com8arisons of .ifferent microwa@e R6 

mo.e&s re&ati@e to eac3 ot3er an. to obser@ations He.%.4 IPBINJ. Man: of t3ese 

com8arisons 3a@e been &imite. to fre;1encies be&ow ND QER b1t t3ere 3a@e been a few 

st1.ies t3at e@a&1ate. t3e acc1rac: of microwa@e R6 mo.e&s at 3i%3er fre;1encies.  0or  

eTam8&e4 Racette et a&. HISJ 1se. obser@ations from m1&ti8&e ra.iometers in t3e Arctic to 

e@a&1ate P .ifferent mo.e&s 18 to P<D QERU 3owe@er4 t3e maTim1m amo1nt of VWX in 

t3is st1.: was &ess t3an D.N cm an. t3ere was si%nificant 1ncertaint: in t3e VWX.  

Eewison HIYJ 1se. airborne microwa@e ra.iometer obser@ations co&&ecte. in con.itions 

ran%in% from t3e Arctic to t3e tro8ics to e@a&1ate .ifferent R6 mo.e&s from YO to IYP  

QERU in t3is case t3e PP 8rofi&es were a&& meas1re. b: t3e aircraft t3at a&so carrie. t3e =B

c3anne& ra.iometer 1se. in t3e com8arison.  63ese st1.ies s1%%est a nee. for a..itiona& 

@a&i.ation of t3e microwa@e absor8tion mo.e&s at 3i%3er fre;1encies.  63is is es8ecia&&: 

im8ortant as se@era& c1rrent an. f1t1re sate&&ite sensors maZe obser@ations at 3i%3er 

fre;1encies s1c3 as OD an. I=D QER Ae.%.4 AM[\C.  

 

63e Atmos83eric Ra.iation Meas1rement AARMC 8ro%ram4 in s188ort of t3e 

Con@ecti@e an. ^ro%ra83ica&&:Bin.1ce. Vreci8itation [t1.: HIOJ an. t3e &on%Bterm 

mo.e& e@a&1ation of t3e Qenera& ^bser@in% Verio. H2DJ4 .e8&o:e. t3e ARM Mobi&e 

0aci&it: HAM04 2IJ to t3e _&acZ 0orest re%ion in so1t3western Qerman: from A8ri&  

t3ro1%3 `ecember 2DDS.  63e AM0 was sit1ate. in t3e mi..&e of t3e M1r% Xa&&e: 

A<Y.=<aG4 Y.<IaEC to 8ro@i.e .ata t3at co1&. be 1se. to 3e&8 im8ro@e t3e ;1antitati@e 

forecastin% of 8reci8itation4 inc&1.in% t3e .i1rna& c:c&e an. win.war.c&ee effect of t3e 

mo1ntains.  63is @a&&e: &ocation res1&te. in fre;1ent fo% an. .ew formation e@ents4 
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 Both radiometers were also occasionally calibrated by viewing a li6uid-nitrogen 

target, and the observations from this target and the internal blac;body are used to 

determine the noise source temperature, system noise temperature, and the gain. >ince the 

noise source and the system noise temperature are assumed to be highly stable, R@G 

recommends li6uid-nitrogen calibration at the beginning of a deployment and every few  

months after that. This calibration method re6uires an operator to install the calibration 

target on the radiometer and fill it with li6uid nitrogen.  While the li6uid nitrogen 

calibration principle for both radiometers is similar, the realization is 6uite different. The 

G@R is a scanning instrument that is mounted on a rotating horizontal axis.  The li6uid 

nitrogen calibration target is placed under the G@R, and the entire radiometer is rotated  

around its horizontal axis to view this target; the rotation of the entire instrument is done 

to preserve the polarization of the incoming radiation. For the MWRMF system, the 

li6uid nitrogen calibration target is mounted on one side of the radiometer, the elevation 

mirror is directed towards that side, and an aluminum reflector is used to redirect the 

radiation from the target into the instrument. The li6uid-nitrogen calibrations for both  

radiometers were carried out by different operators and at different times. Therefore, the 

li6uid-nitrogen calibration of the two radiometers can be considered to be largely 

independent of each other. 

 

The instruments also performed regularly scheduled tip scans N25P, which were  

automatically evaluated by the operational software on the radiometers to update the 

calibration if the s;y was determined to be homogeneous and cloud free.  For both 

radiometers, the calibration of the 90 GMz channels was updated many times between 

li6uid-nitrogen calibration events; however, due to the opacity and variability of the 

atmosphere at 150 GMz, all of the tip-scan calibrations were considered to be invalid and  

thus none were applied.  Therefore, the calibration of the 150 GMz data from both the 

MWRMF and G@R were determined solely from the li6uid-nitrogen calibrations, while 

the calibration of the 90 GMz observations included a mixture of li6uid-nitrogen and tip-

scan calibrations.  A post-analysis of the 90 GMz tip calibration periods determined that 

many of these periods were not valid due to fog and dew accumulation on the radomes of  

the radiometers, and thus the calibration of the 90 GMz data was neither constant nor 

accurate over time.  Unfortunately, due to the lac; of some of the essential house;eeping 

fields in both instrumentsU datasets, the 90 GMz data cannot be reprocessed to restore the 

calibration of this channel with confidence.  Thus, our analysis here has focused purely 

on the 150 GMz observations.  

 

Each of the instruments is able to maintain the calibration determined from the 

li6uid nitrogen views by regularly viewing the internal ambient blac;body target, which 

has the same design for both the G@R and MWRMF.  This target, which is constructed of 

carbon-loaded foam in the shape of pyramids, is hermetically isolated from the  

environment with transparent, low-density foam. The enclosed air inside the blac;body is 

circulated with small fans, drawing air through the pyramids and by gauged 

thermometers; these sensors are able to measure the temperature of the air with an 

absolute accuracy of X0.1 Y.  Regular views of this ambient blac;body (every few 

minutes) with the stable noise diode on and off are used to monitor the gain of the  

instrument. 
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As indicated above, the 150 34z brightness temperature (Tb) observations from 

the two radiometers were independently calibrated.  The CDR was operational at the 

AMF site from 2 May until 5 Oct 2007, when it was removed from the site to support a  

different experiment.  The MWR4F was still under construction at the start of the AMF 

deployment, and thus was sent directly from the RD3 factory to the AMF site.  It started 

operation on 22 June, although a liquid-nitrogen calibration was not performed until 30 

June.  The MWR4F operated until the end of Cec 2007, when the AMF concluded 

operations in the Murg Salley.  Both instruments collected only zenith observations  

during this deployment. 

 

The two radiometers were simultaneously operational for essentially three 

months, but there were many periods when dew formed on the radomes and clouds were 

overhead.  We have identified over 2000 coincident samples on 24 different days when  

the two radiometers were operational, did not have dew on their radomes, and were 

determined to be cloud-free.  These samples were selected by ensuring that the standard 

deviation of the observed Tb was less than 1 W over a 5-min period, the mean Tb was less 

than 190 W (which corresponds to the Tb of an atmosphere of more than 3.3 cm of DWS), 

and there were at least 20 observations in the averaging period.  The center frequency and  

bandpass of the 150 34z channels of both radiometers are essentially identical, so a 

direct comparison of the observations can be made.  A comparison of these clear-sky 

cases (Table 1, Fig 1) demonstrates that the observations at 150 34z from the two 

radiometers were in excellent agreement with each other, with a slope of 0.993 WYW, 

mean bias of -0.12 W, and a correlation coefficient of 0.998.  Therefore, we believe that  

these observations are accurate and can be used with confidence to evaluate the accuracy 

of microwave radiative transfer models. 

 

We also used brightness temperature observations from the ARM 2-channel (23.8 

and 31.4 34z) microwave radiometer system.  These 2-channel systems are present at all  

of the ARM sites, providing DWS and liquid water path retrievals for the program for 

over 15 years, and have been extensively evaluated by many investigators [e.g., 26].  

These systems are automatically calibrated with tip scans and use robust data quality 

checks and thousands of valid tip calibrations, which help to ensure good stable 

calibration of the radiometer with a root-mean-square uncertainty in the observed  

brightness temperatures of approximately 0.3 W [27].  Additionally, these 2-channel 

systems are equipped with a heater Y blower mechanism that directs warm air over the 

radome to prevent the formation of dew on the radiometer.  ]nfortunately, due to 

manufacturing lead-time, heater mechanisms were not added to the CDR and MWR4F 

systems until after the AMF campaign was over.  

 

III. !"#$%& 

 

 While there are dozens of different microwave RT models available, we have 

chosen to evaluate four of the perhaps most commonly used models.  These models are  

the Millimeter-wave Dropagation model [28, henceforth called ^Liebe87`], an updated 

version of this model [29, henceforth called ^Liebe93`], a model that uses water vapor 
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continuum components from both of these models with improvements to other aspects of 

the model 630, henceforth :Rosen98>?, and an independent model used by the ARM 

program for many years 631, henceforth called :MonoRTM>?.  These particular models  

have been compared eHtensively with each other at frequencies between 20 and 60 JHz 

6e.g., 13-15?.  Oe used version 3.3 of MonoRTM, which includes the modified half-

widths of the 22.2 and 183.3 JHz water vapor line 632?.  An updated version of 

MonoRTM (v4.0), released in September 2008, yields very similar results as v3.3 at 150 

JHz.  Similarly, an updated version of the Rosen98 model (released in 2003) yields  

essentially identical results to the Rosen98 model at 150 JHz.   

 

 The Tiebe87, Tiebe93, and Rosen98 models only account for the absorption due 

to water vapor, oHygen, and nitrogen in the microwave.  MonoRTM includes 

contributions from other molecules such as ozone, nitrous oHide, and carbon monoHide,  

which have only a minor impact on the microwave spectrum at 150 JHz (less than 0.15 

K).  Wor our study, we have specified the concentrations of all gases other than water 

vapor, oHygen, and nitrogen to be zero in the MonoRTM calculations, thus simplifying 

the comparison with the other three models.  Ignoring the radiative contributions from 

these trace gases has a negligible impact on the 150 and 31.4 JHz results shown here.   

Note all four of the models account for the contribution due to nitrogen, which is 

approHimately 1.6 K (0.8 K) at 150 JHz when the ZO[ is 0.35 cm (2.88 cm) in a 

downwelling calculation.   

 

 The water vapor continuum absorption parameterization has two components, one  

accounting for the broadening by foreign gases (e.g., nitrogen, oHygen) and one 

accounting for the broadening by water vapor.  These components, indicated here as !f 

and !s, are referred to as the foreign- and self-broadened components of the water vapor 

continuum, respectively.  The coefficients #f and #s are the foreign- and self-broadened 

water vapor continuum coefficients, respectively.    

 

The formulation of a suitable eHpression to represent the water vapor continuum 

has been revised multiple times in the various models.  The Tiebe93 model uses a 

modified line shape to account for the absorption in the far-wings of the water vapor lines 

629?, and thus does not use the formalism used by Tiebe87, Rosen98, or MonoRTM,  

which is fairly similar (described below). To compare the various formulations and better 

understand the following results, it is important to review the water vapor continuum 

used in the Tiebe87, Rosen98, and MonoRTM models and to eHpress them in common 

units. In the Tiebe87 and Rosen98 models, the water vapor continuum absorption ! (Eq 

1, units of d]^km) is the sum of the foreign- and self-broadened components (Eq 2 and 3,  

respectively), where the continuum coefficients were determined by fitting eHperimental 

data collected at 138 JHz 628,30?. 
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#n th' a)ov' ',-at.ons, Pd .s th' d23 a.2 42'ss-2', Pv .s th' 4a2t.al 42'ss-2' of 7at'2 va4o2, 
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7h'2' th' mol'c-la2 d'ns.t3 n can )' 'x42'ss'd as a f-nct.on of 42'ss-2' (P) and  

t'm4'2at-2' (T) as n =2.415! P *10
22

 mol cm
-2

 km
-1

, 7.th ! =300/T, n0 .s th' mol'c-la2 

d'ns.t3 at T = 2GX >, and P = 1 atm. Th' mol'c-la2 d'ns.t3 of 7at'2 va4o2 (nv) .s 

com4-t'd s.m.la2l3 as n, 2'4lac.n@ th' atmos4h'2.c 42'ss-2' 7.th th' va4o2 42'ss-2'. Th' 

7at'2 va4o2 cont.n--m co'ff.c.'nts Cf and Cs a2' th' s4'ct2al d'ns.t3 f-nct.ons 7.th -n.ts 

of (mol cm
-2

 cm
-1

)
Y1

, and onl3 th' latt'2 has t'm4'2at-2' d'4'nd'nc'.  Th' f2',-'nc3  

d'4'nd'nc' of Cf and Cs .n th' m.c2o7av' 2'@.on .s v'23 7'ak ()oth chan@' l'ss than 

0.5K f2om 10 to 200 Z[9) and th'2'fo2' can )' cons.d'2'd constant. I.k' th' Fos'nGH 

and I.')'H" mod'ls (\, 1-3), "f d'4'nds l.n'a2l3 on 7at'2 va4o2 (as n Y nv .s th' d23 a.2 

d'ns.t3) and "s d'4'nds on th' s,-a2' of th' 7at'2 va4o2 a)-ndanc'.  ]dd.t.onall3 .n th' 

m.c2o7av' 2'@.on, th' 2ad.at.on f.'ld t'2m # tanh(h#/2kBT) can )' a442ox.mat'd )3  

h#
2
/2kBT, 7h'2' h and kB a2' th' Planck and Bolt9mann constants, 2's4'ct.v'l3. ]ft'2 

s-)st.t-t.n@ th's' 'x42'ss.ons .n (\, 4) and (\, 5) and conv'2t.n@ 7av'n-m)'2s (cm
-1

) to 

f2',-'nc3 (Z[9), th' LonoFTL fo2m-lat.on can )' 72.tt'n .n th' sam' fo2m as (\, 1-3) 

7.th th' onl3 d.ff'2'nc' )'.n@ th' 7'ak f2',-'nc3 d'4'nd'nc' of Cf  and Cs. 

  

_.nall3, th' Fos'nGH, I.')'H", and LonoFTL mod'ls hav' no t'm4'2at-2' 

d'4'nd'nc' .n th' fo2'.@n cont.n--m (x1=0), 7h.l' th' I.')'G3 mod'l do's ass-m' a 

t'm4'2at-2' d'4'nd'nc' on Cf (Ta)l' 2). `n th' oth'2 hand LonoFTL, I.')'G3, and 

Fos'nGH mod'ls hav' a s.m.la2 t'm4'2at-2' d'4'nd'nc' fo2 th' s'lf-)2oad'n'd 

cont.n--m, 7h.l' th' I.')'H" mod'l ass.@ns m-ch st2on@'2 t'm4'2at-2' d'4'nd'nc' to  

th.s t'2m.  aom' v'2s.ons of th' I.')'H" mod'l hav' x2 = ".Hb ho7'v'2, th.s chan@' has 

n'@l.@.)l' .nfl-'nc' on th's' 2's-lts. 

 

#t .s cl'a2 that, at a @.v'n f2',-'nc3 and a @.v'n t'm4'2at-2', th' Fos'nGH, 

I.')'H", and LonoFTL 7at'2 va4o2 cont.n--m fo2m-lat.ons d.ff'2 )3 m-lt.4l.cat.v'  
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observations in a 40-min window centered at each nighttime radiosonde launch time 

during the entire deployment.  A Tb-dependent threshold test applied to the standard 

deviation of the 31.4 GHz observations [39] identified 94 nighttime clear-sky cases.  The 

MonoRTM was then used to compute the Tb at 23.8 GHz for these clear-sky radiosondes,  

where the radiosondes were scaled with a height-independent scale factor of 0.977 

(determined iteratively) so that the observed and computed 23.8 GHz Tb had a slope of 

exactly 1.0.  (This radiosonde scale factor implies that these nighttime radiosondes had a 

2.3Q moist bias relative to the MWR, which is consistent with other analyses of RS92 

datasets [40,41].)  The bias offset was then computed from the 42 samples that had PWV  

less than 1.2 cm, yielding an offset value of 0.49 K W 0.08 K.  This bias offset was then 

removed from the 23.8 GHz observations, and PWV was retrieved from this channel 

using a physical-iterative retrieval and the MonoRTM. 

 

The PWV scale factors were then used to scale the water vapor mixing ratio  

profiles of all of the radiosondes used in the subsequent analysis.  As a consistency 

check, the scaled radiosonde profiles were used to compute downwelling infrared spectral 

radiance with the line-by-line radiative transfer model LZLRTM (which uses the same 

physics as MonoRTM).  The LZLRTM calculations were compared to the observations 

from the ARM Atmospheric [mitted Radiance Interferometer (A[RI) at 11.1 !m, and  

these results were compared against similar comparisons made at the ARM Southern 

Great Plains site (Fig 2).  The comparison of A[RI observations and LZLRTM 

calculations, which is very sensitive to the PWV used in the calculation, has an extensive 

history at the ARM sites [26^ details of the A[RI and the LZLRTM are given in this 

reference], and these comparisons have been used to evaluate the accuracy of water vapor  

observations [e.g., 34, 35, 36].   Thus, the comparison in Fig 2 confirms that the approach 

used in this analysis to correct for the bias in the radiosonde humidity profiles is 

consistent with earlier ARM analyses.   

 

It should be noted that this approach assumes that the water vapor field near the  

radiosonde launch site is reasonably horizontally homogeneous in the lowest several 

kilometers, as the radiosonde will drift with the wind and the microwave radiometers are 

fixed and staring only in the zenith direction.  However, in the Murg Valley during this 

experiment, there were some cases with significant inhomogeneities in the water vapor 

field [42], but these situations were mitigated by removing cases with standard deviations  

of the 150 GHz Tb observations larger than 1.5 K in the 40-min window centered around 

the radiosonde launch time.  

 

 These scaled radiosonde humidity profiles were then input into the four different 

microwave RT models.  In window channels such as 150 and 31.4 GHz, the sensitivity to  

the vertical layering is negligible, especially since each radisonde profile contained 

measurements at thousands of levels.  [ach radiosonde used in this analysis needed to 

reach at least 15 km, and the mid-latitude summer profile were spliced to the top to 

extend these profiles through the stratosphere (although the impact on the calculation due 

to the choice of profile to use in the stratosphere is also negligible).    

 

V. Results 



 10

 

1. Modifying the water vapor continuum absorption models 

  

 The comparison of the observed and computed brightness temperatures at 

150 GHz, where the observed values are the average of all available observations from 

the two radiometers within the time window, for these 71 cases for the 4 models are 

shown in Fig 3 (black circles and black regression lines), with the statistics provided in 

Table 3.  The observed minus calculated residuals for all four models show a dependence  

on PWV, with the calculated Tbs becoming increasingly larger than the observations as 

the PWV increases.  The Liebe87, Liebe93, Rosen98, and MonoRTM models show 

biases relative to the observations of 0.05, -14.87, 0.74, and -5.35 P, respectively.  The 

residuals using the Liebe93 model show the worst dependence with PWV and a much 

larger mean bias than the other models.  Qecause the DPR and MWRHF were calibrated  

independently and show agreement with a bias of 0.12 P and an RMT difference of 1.3 

P, we conservatively estimate the uncertainty in the 150 GHz observations to be 

approximately 1.5 P.  Thus, the MonoRTM and Liebe93 results are clearly outside the 

uncertainty of the observations.  Previous ground-based work [15] at 150 GHz 

demonstrated biases of 0.98, -10.37, and 2.00 P for the Liebe87, Liebe93, and Rosen98  

models, respectively, and airborne results at 157 GHz [18] showed biases (when the 

PWV was 1.22 cm, which was close to our mean PWV) of -1.8, -15.6, -0.3, and -4.3 P 

for the Liebe87, Liebe93, Rosen98, and MonoRTM models, respectively.  Thus, our 

results (Table 3) agree pretty well with [15] and [18] given the assumed 1.5 P uncertainty 

in our observations.  Furthermore, the results in [15] and [18] used microwave  

radiometers that had a totally different design and calibration than the DPR and 

MWRHF, as well as significantly different PWV ranges (the PWV range in [15] was 0.31 

to 1.87 cm vs. 0.35 to 2.88 cm in this study).   

 

 Yne possibility is that the differences between the models and the observations  

are not induced by differences in the treatment of water vapor in the models.  To 

investigate this, we computed the downwelling radiance using these models with no 

water vapor included, and thus the radiance was essentially Zust the emission from 

oxygen and nitrogen.  The differences between the three models relative to each other at 

150 GHz were less than 0.7 P, and thus differences in the dry air absorption between the  

models do not explain the differences in the bias. 

 

 We adZusted the strength of both the self- and foreign-broadened water vapor 

continuum in the MonoRTM, Rosen98, and Liebe87 models by finding multipliers to !s 

and !f  that result in a near zero bias (absolute value less than 0.1 P) and no significant  

slope (absolute value less than 0.1) between the 150 GHz residuals and PWV.  These 

multipliers and their uncertainties are provided in Table 4.  As the Liebe93 model uses a 

\pseudo-line] at 1780 GHz to account for the water vapor continuum absorption, we 

modified the parameters of this line (strength, air-broadened width, and ratio of the self- 

to air-broadened width) to match the observations at 150 GHz^ these adZustments are  

provided in Table 5.  The application of the multipliers, which were derived from the 150 

GHz observations, greatly reduced the spread of the !f and !s coefficients used in the 

MonoRTM, Rosen98, and Liebe87 models by a factor of 2 and 6.5, respectively.   
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These updated continuum coefficients were then used to modify the models  

(“Mod-C”), and the calculations were repeated.  The statistics for the comparison of the 

observations and modified model calculations at 150 GHz are provided in Table 3.  

Naturally, since the models were modified using the 150 GHz observations, the slopes 

and intercepts are very close to zero.  Jnterestingly, the root mean square (RMS) 

differences between the observations and the calculations for all four models are now  

very similar, with values ranging from 2.24 to 2.45 P, whereas the RMS differences 

ranged from 2.23 to 15.38 P with the original unmodified models.   

 

The relative modifications of Cf  and Cs in the MonoRTM are supported by [30], 

which suggested that Cf  needed to be decreased about 30% and Cs increased by a factor  

of 3 to come into better agreement with Rosen98 results. English et al. [43] indicated that 

the self-broadened water vapor continuum absorption in the Liebe87 model needed to be 

increased to improve the comparison with their airborne observations at 157 GHz.  

However, increasing the strength of the self-broadened component would require a 

decrease in the foreign-broadened component in order to keep the residual between our  

observations at 150 GHz and the calculations constant with respect to PWV.  Puhn et al. 

[44] have proposed the Cs in Rosen98 needs to be increased by 17% based on laboratory 

measurements at 350 GHz (which is in disagreement with our findings), but also suggests 

that Cf in Rosen98 needs to be increased a similar amount (in general agreement with our 

findings).    

 

2. Evaluation using 31.4 GHz observations 

 

 The continuum multipliers in Tables 4 and 5 indicate that significant changes 

must be made to both the self- and foreign-broadened water vapor continuum coefficients  

in order to get agreement with the observations at 150 GHz.  Assuming that these 

multipliers are frequency-independent, how does this affect the results at other 

frequencies?  To address this, we computed the downwelling brightness temperature at 

31.4 GHz with both the original and Mod-C modified models, which were then compared 

against the yet-unused observation from the 2-channel microwave radiometer.  For the  

Rosen98, Liebe87, and Liebe93 models, we also performed calculations with and without 

the changes to the 22.2 GHz line width suggested by [9], where we also changed the 

strength of the 22.2 GHz line in the Liebe93 model to agree with the strength used in the 

other three models (which are all within 1% of each other).  The results from these 

different models relative to the observations are provided in Table 6 and Fig 3.   

 

 The change in the Cf and Cs coefficients in MonoRTM greatly reduced the 

magnitude of the slope of the observed minus calculated residuals as a function of PWV 

(Fig 3b), although there is still a small bias in the data.  The 31.4 GHz channel is known 

to have small biases [39], but the improvement in the slope (i.e., a value closer to zero)  

suggests that the modified MonoRTM is better than the original version.  For the 

Rosen98 and Liebe87 models (Fig 3d and 3f, respectively), the modification to the water 

vapor continuum (blue regression lines) had a relatively small effect at 31.4 GHz, but the 

change to the half-width of the 22.2 GHz line (red regression line) greatly improved these 
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models relative to the observations (by making slope closer to zero).  The combined  

changes of the width of the 22.2 GHz line and the water vapor continuum for these two 

models is not significantly different than Cust the change of the 22.2 line parameters, and 

thus this is not a conclusive test on the accuracy of the water vapor continuum 

multipliers.  Finally, the Liebe93 model (Fig 3h) is substantially improved by both the 

change to the 22.2 GHz line parameters (strength and widths for this model) and the  

water vapor continuum adCustment, with the significant PWV dependence of the observed 

minus calculated residuals largely removed.  The mod-22M Liebe93, mod-M MonoRTM, 

and mod-22M Rosen98 models (continuum and 22 GHz line adCustments) decreased the 

bias and the RMS difference with the observations and improved in the slope relative to 

the original models thereby suggesting that these modified models are better than the  

original versions.  However, the results for the Liebe87 model are inconclusive as to 

whether any of the modified models is significantly better than the original. 

 

Sur results here are based upon a mid-latitude site with PWV that ranged from 

0.35 to 2.88 cm.  This dataset does not fully test the quadratic dependence of the self- 

broadened water vapor continuum on water vapor, nor does it adequately test the 

temperature dependence of the continuum coefficients used in the models.  Thus, a more 

detailed look is needed at both the line width and the continuum, over a wide range of 

atmospheric conditions with spectrally resolved observations.  The contribution from the 

line width (from either the 22.2 or 183.3 GHz water vapor lines) is relatively small at 150  

GHz, compared to 31.4 GHz. 

 

3.! Impact across the microwave spectrum 

 

 Sbservations at 150 GHz were used to characterize four often-used absorption  

models.  We have shown that scaling the self- and foreign-broadened water vapor 

continuum coefficients is needed to get agreement with these observations, and that better 

agreement is achieved at 31.4 GHz if both the water vapor continuum is scaled and the 

parameters of the 22.2 GHz line are updated to agree with [9].  Y natural question is how 

do these modified models compare relative to each other across the spectrumZ  To get a  

better sense of the spectral differences between the 4 models, we selected 6 

\climatological] radiosonde profiles that span a wide range of water vapor and 

temperature conditions, with three radiosondes selected from both a mid-latitude 

(Payerne, Switzerland) and tropical (^arwin, Yustralia) site (Table 7).  These profiles 

were selected such that the two wetter cases from Payerne had similar PWV to the two  

drier cases from ^arwin so that the temperature dependence differences between the 

models could be seen. The spectral downwelling brightness temperature was then 

computed for each of the climatological radiosondes for the different original and 

modified models. 

  

 The differences between the original and modified versions of the same model are 

shown in Fig 4.  The change to the MonoRTM (Fig 4a) is very significant for the drier 

cases, and there is relatively little difference across the spectrum when the PWV is large.  

The modifications to the Rosen98 (Fig 4b) and Liebe87 (Fig 4c) models are largest in the 

60-180 GHz range when the PWV is large, but the differences are largest in the 180-380  
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$Hz range when the /01 is small.  The 8iebe93 model (Fig 4d) shows very significant 

differences across the entire spectrum where, similar to the 8iebe87 and Rosen98 models, 

the difference between the original and modified model per /01 changes with 

frequency.  These differences, especially in windows used for remote sensing of cloud or 

surface properties (e.g., at 90 $Hz) are significant for all four models and, because of the  

/01 dependence, understanding the impact of these modifications on other remote 

sensing applications is difficult. 

 

The original models differed significantly from each other, as shown in Fig 5 

where the NonoRTN was used as the baseline.  Differences as large at 5-15 K exist  

between different models, and the differences depend on both the frequency and /01.  

The differences in the temperature dependencies between different models are also seen, 

as the curves that have the same /01 from the mid-latitudes vs. tropics are distinctly 

separated (e.g., the 1.9 cm soundings for the 8iebe87 and NonoRTN models in Fig 5c).   

  

 Figure 6 shows the downwelling brightness temperature for these same 6 cases 

when the best version of each modified model was used (mod-T for NonoRTN, and 

mod-22T for Rosen98, 8iebe87, and 8iebe93).  Immediately, we can see that the 

modified NonoRTN and Rosen98 models are in much better agreement, with differences 

in the all of the atmospheric windows being less than 2 K.  Similarly, the modified  

NonoRTN and the 8iebe87 models are also in much better agreement in the atmospheric 

windows, especially for the three mid-latitude (/ayerne) radiosondes.  However, the 

differences between these two models for the tropical cases are due to the differences in 

the temperature dependence of the water vapor continuum absorption.  Recent theoretical 

results from Na and Tipping [45] suggests that the temperature dependence of the  

foreign-broadened water vapor continuum is closer to the 8iebe93 value of 4.55 (and 

hence the values used by Rosen98 and NonoRTN) than the 8iebe87 value of 7.5.  The 

differences between the NonoRTN and 8iebe93 are also significantly improved, 

although there are some significant differences between 60 and 120 $Hz associated with 

the absorption due to oxygen.  There are also some differences between the NonoRTN  

and 8iebe93 for the driest mid-latitude case (solid blue line in Fig 6d) as well as for the 

driest tropical case (dashed green line).  Finally, the modified 8iebe87 and 8iebe93 

models, and to a lesser degree the modified Rosen98 model, show differences with the 

modified NonoRTN around the 183.3 $Hz water vapor line especially when the /01 is 

smallZ this was expected because of the incorporation of improved spectroscopy of this  

absorption line [32]. 

 

1I. Conclusions 

 

 0e have utilized the downwelling brightness temperature observations at 150  

$Hz from two independently calibrated microwave radiometers deployed at a mid-

latitude continental site to evaluate four different microwave absorption models in a 

clear-sky atmosphere.  The agreement between these two radiometers was very good 

(approximately 1.5 K).  From these observations, we propose that the strength of the 

foreign- and self-broadened water vapor continuum absorption should be significantly  

modified in all four of the microwave RT models.  These modified models were then 



 "#

compared to observations at 2"3# G56 to evaluate the improvement relative to the 

ori:inal models3  ;he Rosen=>, @iebe>A, and @iebe=2 models Bere also modified to use 

updated line parameters for the DD3D G56 Bater vapor line3 

  

 ;he 2"3# G56 closure results demonstrate that the modified MonoR;M, Rosen=>, 

and @iebe=2 models are improved relative to the ori:inal models3  5oBever, the 2"3# 

G56 results are inconclusive about Bhether the modifications made to the @iebe>A model 

do indeed lead to better results at this freGuencH3  ;he self-broadened continuum 

absorption is proportional to the sGuare of the Bater vapor JEG 2, EG ELM hoBever, due to  

the scatter in the data JPi: 2L as Bell as the limited ran:e of QRS JO32E to D3>> cmL there 

is too much uncertaintH in the fits to determine if the multipliers in ;able # are indeed 

Teepin: the observed minus computed residuals linear Bith QRS or inducin: curvature 

as the QRS :ets lar:er3  A si:nificant limitation of this dataset is that the maVimum 

QRS is less than 2 cmM a lar:er ran:e of QRS Bith some si:nificantlH hi:her values are  

needed to reallH evaluate Bhether the hHpothesi6ed chan:e to the !s and !f coefficients 

are accurate3   

 

 Re have evaluated these models relative to each other across the entire 

microBave spectral ran:e usin: a small set of radiosondes chosen to span a Bide ran:e of  

QRS and temperature3  ;he results JPi: E and NL demonstrate that the modified models 

are in much better a:reement Bith each other, Bith the differences betBeen the 

MonoR;M and the Rosen=> models bein: Bithin D W over almost the entire spectral 

ran:e from "O to #OO G563  ;hese model vs3 model comparisons demonstrate that there 

are differences in the assumed temperature dependence of the Bater vapor continuum  

absorption that lead to differences betBeen models of nearlH E W Je3:3, at "EO and DDO 

G56 betBeen modified MonoR;M and @iebe>A modelsL3  ;he model vs3 model results 

are unable to indicate Bhich model is more correct, and unfortunatelH the ran:e of 

temperatures eVperienced at the AMP site do not alloB for an adeGuate investi:ation of 

the temperature dependence of the absorption at "EO G563  ;here are also si:nificant  

differences betBeen the different models associated Bith oVH:en absorption betBeen NO 

and "DO G56 and the ">232 G56 Bater vapor line parameters3 

 

 An additional dataset that covers a Bider ran:e of QRS conditions JespeciallH 

some moister casesL and a lar:e ran:e of temperature conditions is needed to further  

validate the proposed Bater vapor continuum multipliers3  Accurate, Bell-characteri6ed 

measurements are also needed at additional freGuencies to evaluate Bhether or not these 

multipliers are freGuencH-independent3   

 

One stron: conclusion from this studH is that the ori:inal @iebe=2 model does not  

match the observations at "EO G56 or 2"3# G56M this conclusion is supported bH analHses 

at different freGuencies Je3:3, Y"EZL3  [nfortunatelH, manH :roups are still usin: the Bater 

vapor continuum model from this model Ji3e3, the models in the intercomparison studH of 

Y"NZL3 

  

 

!"k$o&'()*(+($,-\ 
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Fig 3: The observed minus computed Tb differences as a function of PWV at 150 GHC (a, 

c, e, and g) and 31.4 GHC (b, d, f, and h) for the MonoRTM (a,b), Rosen98 (c,d), Liebe87 

(e,f), and Liebe93 (g,h) models.  The results from the original models are indicated with 

the dots with the black lines indicating the regression lines fit to these data.  For the 150 

GHC results, the red lines show the change in the regression when the models are  

modified to include the updated water vapor continuum.  For the 31.4 GHC results, the 

regression lines for the the improvements that result from the updated 22.2 GHC line 

parameters (green), the updated water vapor continuum (blue), and the updated 22.2 GHC 

line parameters plus the water vapor continuum (red) are shown.  The red regression line 

in panel (b) is for the modified model that has only the water vapor continuum updated.   

The slopes and intercepts associated with these regression lines are provided in Tables 3 

and 6 for 150 GHC and 31.4 GHC, respectively.  Note that the y-axis scales for the 

Liebe93 results are different than for the other models.  Note that a PWV of 3 cm 

corresponds to approximately 160 K and 23 K at 150 GHC and 31.4 GHC, respectively. 
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&i( 4* The .o0n0ellin( spectral 9ri(htness temperature .i<<erence <or the ori(inal minus 

mo.i<ie. mo.els <rom =0 to 400 G@A compute. usin( the MonoRTM DaE, Rosen$G D9E,  

Lie9eGI DcE, an. Lie9e$% D.E mo.els. The mo.i<ie. mo.els use. here are the Mo.KC <or 

MonoRTM an. Mo.K22C <or the other three.  The spectra compute. usin( the mi.K

latitu.e pro<iles are sho0n 0ith soli. lines, 0hile the tropical .ata are .enote. 0ith 

.ashe. lines.  The colors correspon. to .i<<erent amounts o< PNO.  Note that the scale o< 

the yKaRis in panel D.E is lar(er than in panels DaE, D9E, an. DcE.  The ma(nitu.e o< the  

MonoRTM 9ri(htness temperature spectra <or the S pro<iles are sho0n in &i( #a. 
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Fig 5: The downwelling spectral brightness temperature from 10 to 400 GHz computed 

using the original MonoRTM (a), and the spectral differences for the original Rosen98, 

Liebe87, and Liebe93 models relative to the MonoRTM (b, c, d).  The spectra computed 

using the mid-latitude profiles are shown with solid lines, while the tropical data are 

denoted with dashed lines.  The colors correspond to different amounts of PWV.  Qote  

that the scale of the y-axis in panel (d) is larger than in panels (b) and (c).   
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MonoRTM (Modified Models) 
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$i& '( Same as $i& ./ e0cept 4sin& the mo8i9ie8 mo8els ;<o8=> 9or <onoRT< an8 

<o8=""> 9or the other three mo8elsB.  A&ain/ the scale o9 the y=a0is in panel ;8B is 

8i99erent than 9or panels ;FB an8 ;cB. 

  

 

 

 

 




